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INTRODUCTION

The solid waste facility at the Naval Air Statiog{in Jacksonville,
Florida, (NAS JAX) is one of two prototypes installed by the Navy in the
late 1970s. These facilities have dual objectives: to incinerate the
solid waste generated at the base, recovering the heat of combustion in
the form of steam (thus conserving fossil fuels) and, simultaneously, to
reduce landfill disposal loads.

Over the last 2 years, the performance of the Jacksonville incin-
erators has been deteriorating. Many of the difficulties experienced at
the facility are purely mechanical and obvious. Several problems,
however, are associated with the actual physics of incineration and are
more subtle. The erratic production of steam is an example.

An experimental parametric examination of the heat recovery incin-
erators (HRI) is planned. These tests are for troubleshooting purposes J
but, of perhaps more importance, they will also contribute to an overall “
understanding of the operation of this type of incinerator.

To prepare for these tests, an analytical parametric study was
conducted. The purpose of this preliminary analysis was to determine
the significant parameters affecting the operation and performance of
the HRI; these parameters will be included in the experimental program.
Steam generation was the dependent variable. Other measures of perfor-
mance (e.g., environmental) were not considered. Results of the study
are presented in this report.

DESCRIPTION OF INCINERATORS

The solid waste facility consists of three outdoor incinerators for
burning the waste; each is equipped with a boiler for recovering the
heat. Each incinerator has a design capacity to burn 2,000 pounds of
waste per hour and, concurrently, 7.5 gallons of oil per hour as an
auxiliary fuel.

Configuration

Figure 1 is a schematic of the NAS JAX heat recovery incinerators.
The primary and secondary combustion chambers are refractory lined.
During operation, the ram loader forces the waste into the interior of
the primary combustion chamber (PCC). Two internal rams push the burn-
ing waste toward an opening in the chamber floor where the ash is dis-
charged into a water-sealed quench tank.

Combustion air is supplied to the incinerators by a forced draft
blower at the rate of about 460 1lb/min. Total combustion air remains
constant (i.e., the total of the underfire air plus air supplied to the
secondary combustion chamber (SCC) is always equal to 460 1b/min).
There is a small quantity of air injected with the oil.

J
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Ambient air leaks into the primary combustion chamber overfire,
through the fire door and through holes in the refractory. Probable
leakage occurs down the dump stack, through the damper.

The boilers are the water tube type. Combustion gases leaving the
SCC make a single pass around the 264 staggered water tubes.

The significant dimensions of the HRI are listed in Appendix A.

Operation

The incinerators are designed to operate with insufficient under-
fire air supplied to the PCC for the complete combustion of the waste.
Flame temperatures thus remain low, preventing slagging and, possibly,
the jamming of the internal rams. Lowering airflow rates through the
burning waste alsc decreases the entrainment of solid particles, a
potential pollution problem. The major portion of the combustion air is
diverted directly to the SCC.

Figures 2 and 3 summarize the operation of the Jacksonville incin-
erators (the origin of these figures will be explained later). Figure 2
shows temperature variations throughout the HRI as a function of combus-
tion air distribution. To the left side of the peak of these curves is
the designed operating point; the curves peak with approximately theo-
retical (stoichiometric) air.

Total combustion air supplied to the incinerators is set. If the
waste feed rate is constant, it follows that the temperature of the
combustion products as they leave the secondary combustion chamber to
enter the boiler is nearly a constant, and overall thermal efficiency of
the HRI varies little with departure from the design point. Figure 3
illustrates the effect of combustion air distribution on the efficiency
of the facility. The only factor to vary noticeably is the heat transfer
loss through the walls of the PCC, and this amounts to just a few percent.

PYROLYSIS OF WASTE

Most types* of waste (e.g., paper, wood, and plastics) are distilled
when subjected to heat (Ref 1). This distillation process, called
pyrolysis, is an irreversible degradation of the solid to form various
volatile gases and a carbonaceous solid residue (Ref 2).

The volatile matter is emitted volumetrically from the interior of
the solid and represents the primary combustibles. With most types of
waste, the volatiles comprise about 80% of the total mass. Once the
volatiles are released, the carbon residue is itself combustible.

The heat of pyrolysis may be endothermic or exothermic depending
upon type of solid and local temperature (Ref 3 and 4). For most types
of waste it is endothermic.

*Most of the total mass of a mixed waste as well; examine the composite
waste of Appendix B.




MATHEMATICAL SIMULATION OF HRI

A mathematical model of the NAS JAX HRI has been developed based on
the hypothesized combustion reaction,

C H ON +nHO+n0,6+3.76 n_N, -
n i, ngn, 52 62 6 2

n 0+ n,CO+ n, 0

€Oy + (ng + ng) H, 9 10%2 (1)

7

+ (0.5 n, * 3.76 n6) N2 + nllnz + nlzc

In addition it is assumed that:
1. Steady state exists.
2. Kinetic and potential energy changes are negligible.
3. The reactions go to completion regardless of the temperature.

4. Combustion is diffusion controlled, limited only by the mass
flow rates of fuel and oxygen.

5. The products of combustion are perfectly mixed.

6. Therefore, all temperature gradients are normal to the inciner-
ator walls; the individual components of the incinerator may be represented
one dimensionally.

The molar coefficients n, through n. are obtained from ultimate and
proximate analysis of the wasle (fuel); n, is from the air supplied for
combustion. Equation 1 is balanced by applying conservation of species
and allocating available oxygen in order of increasing activation energy
for combustion in air: first to hydrogen to form water vapor, then to
carbon to form carbon monoxide. Any oxygen remaining is assumed to
oxidize the carbon monoxide to form carbon dioxide.

Heat absorbed in breaking down the waste, primarily a heat of
pyrolysis, is determined by balancing Equation 1 for stoichiometric air,
then subtracting the heats of formation of the combustion products from
the heating value of the waste. Once the heat of pyrolysis is known,
heat released during combustion with less than stoichiometric air is
back-calculated in an analogous manner.

By applying conservation of energy to the flame, primary combustion
chamber, secondary combustion chamber, and boiler, in sequence, tempera-
tures throughout the HRI and, finally, steam generation are determined.
Figure 2 was derived in this way.

The details of the mathematical simulation, including an estimate
of accuracy, are given in Appendix C.




PERFORMANCE CRITERIA

The efficiencies of both the boiler alone and the overall heat
recovery incinerator are defined using the heat loss method (Ref 5),

_ | . I LOSSES
n = 1- 5 InpuT (2)

- P S -A.J

For the boiler: g

2 LOSSES sensible heat in stack gases + steam lost to blowdown

sensible heat in products of combustion entering boiler
+ sensible heat of feed water

2 INPUT

For the overall HRI:

heat lost vaporizing moisture with waste + heat lost
vaporizing moisture generated by burning hydrogen in
waste + carbon carried out as ash + sensible heat of
ash + heat transfer through walls of PCC and SCC

+ carbon monoxide in stack gases + sensible heat in
stack gases t+ steam lost to blowdown

2 LOSSES

chemical energy in waste and oil + sensible energy in
waste, 0il, air, and feed water + external power
requirements

2 INPUT

With a parametric study, this definition of efficiency is prefer-
L able because it isolates individual components of the HR1, simplifying
! identification of significant parameters. For example, Figure 3 would
3 suggest placing an emphasis on the operation of the boiler at, perhaps,
! the expense of the ash and ash recovery system.
Individual terms in the summations are mathematically described in
Appendix D.

PARAMETRIC EXAMINATION

In the evaluations of heat recovery incinerator parameters that
follow, PCC underfire air will usually be used as the independent variable.

The parameter valuves used as a baseline and fuel (waste) compositions
are summarized in Appendices A and B, respectively. With baseline
vaiues, when burning 1,500 1b/hr of "composite" waste, theoretical air
is about 136 1lb/min.

The boilers have never been flow tested to determine actual heat
transfer characteristics. Boiler performance anticipated by the manu-
facturer, as summarized on the nameplates, is being used in these analyses.

Combustion Air

Three different NAS JAX heat recovery incinerator operating modes
are possible with, at most, only minor modifications to the existing
i configuration:




1. Set the combustion airflow to the PCC and SCC combined at 460
lb/min. This is the design mode discussed earlier and shown on Figures 2
and 3. The primary combustion chamber is kept cool by operating with
insufficient underfire (U/F) air (U/F air plus leakage < 136 lb/min on
Figure 2) or, alternatively, by operating with much excess underfire air
in order to dilute the combustion products.

2. Operate with insufficient underfire air, but limit the air to
the secondary combustion chamber to maximize the temperature of the com-
bustion products entering the boiler. This operating mode is summarized
by Figure 4. It will be referred to as the "optimized starved-air"
mode .

3. Operate with excess underfire air, sufficient for PCC cooling,
but cut off all airflow to the secondary combustion chamber to eliminate
further cooling of the combustion products. This mode is illustrated by
Figure 5.

Thermal efficiency of the HRI operating in an optimized starved-air
mode peaks when the total combustion airflow reaches its stoichiometric
value, then decreases slowly as the SCC air is increased. Although
secondary combustion chamber temperature decreases rapidly as SCC air is
increased, boiler performance falls off slowly, the decrease attenuated
by a corresponding increase in the boiler overall heat transfer coefficient
as the flow over the tubes increases.

A limitation of HRI operation in the optimized starved-air mode is
the tolerable boiler inlet temperature. Several boilers capable of
handling combustion gases as hot as 2,800°F are commercially available,
but for the majority of heat recovery boilers, including NAS JAX, an
inlet temperature of about 2,000°F is considered maximum. Some dilution
of SCC combusion products with outside air is necessary.

Thermal efficiency of the HRI in a mode where all air to the SCC is
cut off peaks when PCC airflow reaches its stoichiometric value, then
falls off slowly as this airflow is increased. Compare Figures &4 and 5.
To keep the PCC temperature at an acceptable level, however, the incin-
erator would have to operate with much excess underfire air, far to the
right in Figure 5.

Table 1 is an attempt to compare the different combustion air modes
on a one-to-one basis. Column 1 summarizes the NAS JAX HRI as it is
probably operating: a PCC temperature of 1,800°F with excess air to the
PCC.* Column 2 shows the effects of an easy "fix"; simply cutting off
all air to the SCC results in a 6% increase in steam generation.

The potentials of the different operating modes are perhaps better
illustrated if design limitations on the Jacksonville HRIs are momentarily
ignored. Columns 3 and 5 of Table 1 assume that the PCC temperature is
permitted to reach 2,400°F, slightly below the melting temperature of
glass. These two columns summarize operation on the two sides of the
stoichiometric peak of Figure 2. This is about the minimum temperature i
predicted by the model with insufficient air and permits a direct com-
parison of all three modes (i.e., with columns 4 and 6). Cutting off

*PCC temperatures are currently averaging about 1,800°F, while SCC
temperatures are averaging about 1,500°F.

5
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all air to the SCC increases steam generation by about 14%. Operation
in the optimized starved-air mode increases steam generation by about
17%; enough SCC air is being supplied to limit the boiler inlet tempera-
ture to 2,800°F.

Initizl Temperature of Combustion Air

Ger ERIe ey, sAwe i '

Preheating the combustion air is a common technique for improving
: the performance of coal-fired boilers. For excess air operation, the
i net result is an increase in the temperature of the combustion products.
When operating in a starved-air mode with limitations on boiler inlet
temperature, the net result is an increase in the mass flow rate of the
combustion gases passing through the boiler.

Figures 6 and 7 show the effect of preheating the combustion ai L
the performance of the NAS JAX heat recovery incinerators operating
designed. 1f stack gases are used for this preheating, the efficien
of the HRI might be increased by 4% or 5%, depending upon the select
of the heat exchanger. Stack gas temperatures at Jacksonville range
from 500°F to 600°F. The concept of using this "wasted" heat to inc .
g ‘ the initial temperature of the combustion air to 200°F, even 250°F,
not unreasonable.

Air Leakage

Leakage is not a convenient experimental parameter, but it exists,
nevertheless, and must be considered. Two air leakages will be examined:
overfire leakage into the PCC, all sources lumped together, and leakage
down the dump stack.

Figure 8 illustrates the effect of overfire leakage on temperatures
in the primary combustion chamber - the stoichiometric peak is moved to
! the left. The characteristics of this figure support the supposition
that the NAS JAX HRI normally operates with excess underfire air while
burning most types of waste.

Because of a high oxygen content, stoichiometric air required to
burn waste is quite low (compared with, say, coal; Figure 9). Thus,
when operating with insufficient air, any leakage into the PCC will tend
to increase the temperature of the combustion products very rapidly.

The Jacksonville incinerators achieve desired PCC temperatures by
increasing underfire air. Once PCC temperature settings are exceeded
because of leakage (or any other reason), underfire air is increased,
moving the operating point to the right (of Figure 2 or 8) and over the
stoichiometric peak until the desired PCC temperature is reached. The
incinerator is now operating with considerable excess air.

Heat recovery incinerators are not as vulnerable to leakage down
the dump stack. The effect of this leakage is summarized by Figure 10.
Dump stack leakage dilutes the combustion products with cooler ambient
air prior to entering the boiler, which decreases the temperature dif-
ference between these gases and the steam being generated. Concurrently,
the boiler overall heat transfer coefficient increases as the gas flow
over the tubes increases, attenuating the decrease in the performance of
the boiler. These same countering trends have been introduced previously
in reference to the effects of changing SCC airflows.

ks

. W,




T ————————— r———

- Type of Waste

Effects of waste type on primary combustion chamber temperatures
and on steam generation are illustrated on Figures 11 and 12, respectively.
The curves can only be considered as typical. Each waste type represents
just a single sample. In addition, waste characteristics can be expected
to vary with the time of year (e.g., the moisture content and the com-
position of the "composite").

Most types of waste require even less combustion air than the
composite used as a baseline. Plastics, however, require more than
twice the air needed by the composite; airflows optimum for paper would
probably be inadequate to even sustain the combustion of most plastics.
Thus, the operating mode and the type of waste cannot be considered
independently.

Waste Feed Rate

Effects of waste feed rate on PCC temperatures and on steam genera-
tion are illustrated on Figures 13 and 14. These figures show the
obvious: more waste produces higher temperatures and more steam.

It is noteworthy to observe that the NAS JAX heat recovery incin-

' erator apparently cannot burn 2,000 lb/hr of waste and still maintain a
PCC temperature of 1,800°F, as rated, when operating in an excess air

] mode. Examine Figure 13 and recall that the total capacity of the

combustion forced-air blower is 460 lb/min.

[T

Moisture With the Waste

The major loss attributable to moisture with the waste is not t.e
heat lost vaporizing the water but the decrease ir the amount of fuel
burned. The heat of vaporization of water, about 970 Btu/lb, although
significant, is small compared with the heating value of the dry fuel,
typically 8,500 Btu/lb. In Figure 15, a 30% moisture content would be
expected to decrease HRI efficiency by about 5%; yet steam generation
falls off by nearly 35%, the heat lost vaporizing the moisture plus the
decrease in the dry weight of the waste burned.

Another consideration is the effect of moisture on flame temperature.
A 30% moisture content in fuel burned at the Jacksonville facility would
decrease the flame temperature to less than 1,400°F; this may not be hot
enough to sustain combustion.

Boiler Performance

As shown in Figure 3, boiler losses, illustrated here in terms of
the sensible heat remaining in the stack gases, are, by far, the major
inefficiencies affecting the overall performance of the heat recovery
incinerator*. In Figure 16, the boiler is "switched” by changing the

*The importance of boiler efficiency emphasizes a need to examine and
compare various heat exchanger configurations as part of the
preliminary design of these solid waste facilities (e.g., the

potential of waterwalls and of preheaters or economizers).
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" heat transfer characteristics. The range of coefficients examined is
3 i representative of the range available among commercial boilers. Note
the order of magnitude difference in the steam generated.

Incinerator Heat Transfer Characteristics

The resistance to conduction through the walls is the dominant
resistance to heat transfer out of the incinerator. This is illustrated
by Figure 17, a plot of HRI wall temperatures. Compare temperature
gradients to the walls and through the walls.

Convection film coefficients at the inner and outer wall surfaces
were estimated at 50 Btu/hr-ft2°F (turbulent forced convection) and
5 Btu/hr-ft2°F (free convection), respectively. These values are repre-
sentative. Regardless, the conductance through the walls is only 0.75
Btu/hr-ft2°F, and any error made in modelling convection heat transfer

! will be trivial.

For the same reason, incinerator heat transfer is not a significant
parameter. Any heat transfer variables that could be experimentally
examined would have little effect on the overall efficiency of the HRI.

Figure 18 isolates HR] heat transfer losses in terms of fundamental
3 i sources. Near the stoichiometric peak, the major heat transfer loss is
E } attributable to radiation from the flame. At the probable operating
3 points, convection and radiation losses are of approximately equal

i magnitude.

b

Ash Composition

Most types of waste have a very high volatiles content, typically
around 80% (compared with about 30% for coal). Thus, the combustion of
the char is a minor part of the waste combustion process. There is
little solid left to burn after the products of pyrolysis are released.
i Pyrolysis is a volumetric phenomenon. The surface-to-volume ratio

of most types of waste is quite large (e.g., paper); therefore, the
¥ distillation rate of waste is limited only by the rate of the required
heat transfer to the waste. It follows that the volatiles in the waste
are normally released very rapidly. For these two reasons, the losses
due to energy remaining in the ash, both chemical and sensible, are
small. The losses shown in Figure 3, less than 2% total, are typical.

Augment ing Combustion by Burning 0il

Figure 19 is included to complete the parametric study. It would
take much more oil than is currently being burned at Jacksonville to
appreciably affect performance of the heat recovery incinerators.

SUMMARY

The dominant variable affecting the operation of the NAS JAX heat
recovery incinerators is airflow. Underfire and secondary combustion
air, as well as the air control mode, are, therefore, parameters to be
examined.




- The facility is particularly sensitive to airflow when operating
with air insufficient for the complete combustion of the waste in the
PCC. This sensitivity can be attributed to the high oxygen content of
most types of waste. As a result, stoic i(ometric air requirements are
very low. The difference between 3,500°F flames and extinguished flames
is typically less than 150 lb/min of airflow.

This same sensitivity is pertinent if the source of the air is
leakage. A leaky incinerator will have difficulty operating in a
starved-air mode. The Jacksonville incinerators fall in this category.
These HRl are currently operating with PCC temperatures about 300°F
greater than corresponding SCC temperatures, implying excess air operation.

Type of waste, feed rate, and moisture content are parameters that
may vary over a wide range during hour-to-hour operation of the heat
recovery incinerators. It follows that combustion air requirements vary
continuously and, possibly, radically. The incinerator air control
system must be capable of correctly responding to these variations.*®

Deficiencies of the NAS JAX HRI control system are another reason
the incinerators operate with excess air a large portion of the time.
The system responds to high PCC temperatures by increasing underfire
air. Acceptable PCC temperatures are not again achieved until the HRI

! is operating with considerable excess air.

' The dominant variable affecting the overall thermal efficiency of
the Jacksonville HRIs is boiler efficiency; boiler losses are the major

- irreversibilities limiting the conversion of solid waste into steam. In

an established facility such as Jacksonville, there are few boiler
parameters that could be experimentally examined. The overall heat
transfer coefficient is the exception. This parameter is automatically
changed when feed rates, airflows, or secondary combustion chamber
temperatures are varied.

b e . e
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NOMENCLATURE
A
BD

C

e(T)

Surface area

Boiler blowdown

Carbon content as determined by ultimate analysis
Specific heat at temperature T

Higher heating value

Convection heat transfer film coefficient
Enthalpy at temperature T relative to enthalpy at TDATUH
Heat of vaporization

Thermal conductance

Coefficient of thermal conductivity

Logarithmic mean overall temperature difference

Mass flow rate

Molar coefficients

Heat of formation

Energy lost vaporizing moisture in waste

Heat flux

Temperature

Temperature relative to the datum temperature;
AT =T - T

DATUM
Overall heat transfer coefficient of boiler
Emissivity at temperature T

Efficiency

Viscosity

Stefan-Boltzmann constant




SUBSCRIPTS

AIR
ASH
AVG
COND
CONV
DATUM
DRY
FEED
FLAME
FUEL
F>G
F-W
GW
LEAK
LOST
MIX
MOIST
OoIL
PCC
RAD
ScC
SHELL
STACK
STEAM
STOICH
WALLS
WET

W

o

Refers to airflows, combustion or leakage air as applicable
Refers to ash leaving the incinerator

Average value

By conduction heat transfer

By convection heat transfer

Datum for defined properties such as enthalpy

Refers to fuel (waste) conditions with all m. sture removed
Refers to feed water entering the boiler

Refers to the flame, adiabatic or homogeneous as applicable
Refers to waste fed into the incinerator

From the flame to the combustion products (gases)

From the flame to the incinerator walls

From the combustion gases to the incinerator walls

Air leakage, into the PCC or down the dump stack as applicable
Lost vaporizing the moisture in the fuel

Refers to products of combustion in the PCC or SCC as applicable
Refers to moisture with the fuel

Refers to oil concurrently burned with the waste

Primary combustion chamber

By radiation heat transfer

Secondary combustion chamber

Refers to outer skin of incinerator walls

Refers to combustion products exiting the boiler

Refers to steam generated by heat recovery boiler
Stoichiometric condition

Refers to inner skin of incinerator walls

Refers to fuel (waste) conditions as burned, with all moisture
present

From the outer skin to the surrounding atmosphere

Ambient condition

12




ABBREVIATIONS
HRI Heat recovery incinerator
PCC Primary combustion chamber

SCC Secondary combustion chamber

U/F Underfire combustion air

e
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natural |
draft
dump stack
stack
: steam
damper t
leakage damper

D D |L’>

water tube ;‘—ﬁ

boiler feedwater
— G |
) ) secondary
oil & air combustion }
\ chamber Q }

T 1 70O

primary
combustion 4 l

SCC air

ram loadcr

U — R PRI TS Afb A ]
underfire air ‘ r
ash

pPCC
overfire

leakage

Figure 1. Schematic of Jacksonville Naval Air Station heat recovery incinerators.
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Temperature (VF)

4000

{ ! T !
Notes:
(1) Feed rate = 1,500 Ib/hr wet
(2) SCC air = 360 Ib/min - WF ajr
3500 }— ~
3000 — —
adiabatic flame
2500 = -
homogencous
flame
2000 b= PCC combustion products -
1500 }— | —
| capacity
'A/ of air
SCC combustion ' blowers
products
1000 - | ~
\ l
s00l- T ~
stack gases '
0 1 1 L I 1
(0] 100 200 300 400 500
Underfire Air (Ih/min)
Figure 2. Temperiatures throughour NAS Jacksonville heat recovery incinerator when
burning “composite’ waste.

\aing, " ey AP R )




Efficiency or Losses

m e e e i e ‘ - “

0.8

I 1 T I
Notes:
(1) Feed rate = 1,500 Wb/hr wet
0.7 (2) SCC air = 460 Ib/min ~U/F air ]

0.5~ -

overall efficicncy of HR1

loss due to sensible heat
in stack gases
0.3 -

\
0.2}_. -

0.1 = heat transfer thru PCC walls -

burning hvdrogen in the waste

heat transter thru SCC walls

carbon remaining in ash

=~ )
T / \
vaporization of moisture

in waste
sensibic
heat in ash
losses
/ :
/ \_
- r —————————
( 1 | 1 —
0 100 200 300 400 500

Undcrfire Air (ib/min)

Figure 3. Efficicncy of NAS Jacksonville heat recovery incinerator burning “compuosite” waste.
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1
N

Steam Generation (x103 (b/hr)

10

| 1 : 1
Notes:
(1) Composite waste
(2) Feed rate = 1,500 Ib/hr wet
(3) SCC air = 460 Ih/min - U/F air
o ~
terperature of combustion air = 4009F
= 20001
8- o
" temperature of combustion air = 70°F =
0 | . 1 [ |
4] 100 200 300 400 500

Underfire Air (Ib/min)

Figure 6. Effect of the initial temperature of combustion air on the performance
of NAS Jacksonville HRI.




+000
1 T I T
Notes:
(1) Componite waste
" ! (2) Feed rate = 1,500 Ib/hr wet
II (3) SCC air = 460 [h/min - U/1° air
i
!
’ 3500 —
: —————— Primary combustion chamber
... i
; —— e e SccONdary combustion chamber
L )
"
3()()(”-— -1
‘ 2 temperature of
Z combustion air = 400V
S 2500
=
. T )
- é = 2001
j = 709K
; Z(KK)}—- —
— e e =
i ~-_~..\-——'.a—-——‘__ - E
on— — -— 7
[ p—. o —— S - b
1500~ -~_—-—" _4
— il G AR Sy
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! 0 ! L ) |
; o (T 200 300 300 500
‘ Underfire Air (Ih/min)
1
. Figure 7. Effect of the imtial temperature of the combusuon air on NAS Jacksonville

HRI combustion chamber temperatures.
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! +000

| | 1 I

Notes:
(1) Composite waste
(2) Feed rate = 1,500 Ih/he
(3) NAS Jacksonvilfe LRI configuration

g 3500 r,

PCC leagage - 30 W/min

KLU o _1
i
i
| i
. /i 1
1500 PCC leakage 10 [h/mm -
{
) -
[ z
z ltmur- -
‘
1 .
, 1500 -

¥
4
]

100G =~ —

500 L. -

o iy 1 1 1
[0 100 200 300 400 500
{ Undertire Air (1h/min)

Figure 8 Fffecr of overfire air leakage on the gas temperature i the primary combustion chamber,
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Temperature of Combustion Gases mto Boiler (°F)

1500 9
T T L 1 1
Notes:
1) Composite waste
(2) Feed rate = 1,500 Ib/hr wet
{3) PCC U/ air = 360 W/min
(4) SCC air = 100 Ib/min
1400 K
1300 17
=
£
steam )
generation o
E;
1200 1°¢s
g 1
~4
&
o’
£
mean temperature S
of caombustion #
gascs as they
enter boiler
1100 -5
1000 14
o | 1 1 1 1
0 35 50 78 100 125 o

Air Leakage Down Dump Stack (Ib/min)

Figure 10, Effect of leakage down the dump stack on steam gencrated by the NAS
Jacksonville heat recovery incinerator.,
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) paper
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1000} -
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Notes:
by (1) Feed = 1,500 Ib/hr
(2) SCC air = 460 Ib/min - U/F air
: (3) NAS Jacksonville HR1 configuration
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Underfire Air (Ih/min)

Figure 11. Effect of the type of waste on the primary combustion chamber gas temperature.
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Notes:
. (1) Waste feed = 1,500 lbh/hr wet
(2) SCC air = 460 h/min - U/F air
(3) Pump stack leakage = 10 ih/min
17 - -
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16| -
= e
|
8 -
{ fn ~ - —— o o S S
; £ ~ —
! £ SN~ -
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2
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|
-
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Figure 12, Effect of type of waste on NAS Jacksonville heat recovery incinerator stcam gencration.
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Notes:
(1) Compuonsite waste
(2) SCC air = 460 1b/min - U/I° air
; (3} Dump stack leakage = 10 Ib/min
lOr -
32 waste feed rate = 2,000 Ib/hr
4
3 9|~ _
i
. £
x ‘ £
<
%
= feed rate = 1,750 Ib/hr wet _J
2
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2
. 3
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. E
) il
M
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1]
Vi o —
R
3 feed rate ~ 1,500 Ib/hr wet
6 ]
0 ! ] 1 ]
0 100 200 300 400 500
PCC Underfire Air (Ib/min)
1 Figure 14, Effect of waste feed rate on NAS Jacksonville heat recovery incinerator steam generation,
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Notes:
(1) Composite waste
(2) Feed rate = 1,500 Ih/hr wet
(3) PCC U/F air = 360 Ib/min

7 {(4) SCC air = 100 Ib/min
6 — 1.0
steam
generation
£
=
= 5 r =108
Lag)
S
3
=
=
2
pi
3
E 4 —oé6
o z
; .
£
2
=
overall efficiency -
3 of IR} Jo4

cfficiency loss duc to
Zp— vaporization of moisture =]
present with waste
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0 10 20 30 H) 50
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Figure 15, Fffect of moisture with the waste on the performance of the NAS Jacksonville
heat recovery incinerator.
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Notes:
(1) Compaosite waste
(2) Waste feed = 1,500 Ib/hr wet
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! Figure 17. Temperatures of the walls of the NAS Jacksonville heat recovery incinerator.
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Notes:
(1) Composite waste
(2) Feed rate = 1,500 Ih/hr wet
(3) SCC air = 460 1b/min - U/ air
(4) (=) losses oceur when PCC wall
temperature exceeds gas temperature
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radiation from flame
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Figure 18, Summary of NAS jacksonville heat recovery incinerator heat transfer losses.
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Steam Generation (x103 1b/h

Notes:

(1) Composite waste

(2) Feed rate = 1,500 Ib/hr
(3) PCC U/F air -~ 280 ll/min
(4) SCC air = 180 1h/min

| I

-t 1600

steam gencration

6 11500

s —{1400

SCC gas temperature

SCC Gas 'Femperature (V1)

4L_ 11300

i ~41200
1 1
9% 5 10

Ol Flow to SCC (gal/hr)

Figure 19, Effcet of injecting oil into the secondary combustion chamber on the steam generation
of the NAS Jacksonville heat recovery incinerator.

33




! B e AT e S > —m

Appendix A

BASELINE ESTABLISHED FOR PARAMETRIC EVALUATION
OF NAS JAX HEAT RECOVERY INCINERATORS (HRI)

The following magnitudes of HRI variables establish the baseline
around which the parametric evaluation is conducted. Several of these
parameters were never studied (e.g., incinerator convection coefficients),
and several were given only a cursory examination (e.g., oil flows).
Regardless, all affect the performance of the HRI and, unless otherwise
specified, can be considered as input to the analyses.

P

Ash

} Removal rate = 200 lb/hr
Higher heating value = 1,417 Btu/lb

Ultimate analysis (percent of dry weight)

Carbon .... 5.00
Other .... 95.00

Oil as Auxiliary Fuel

f To primary combustion chamber = 0 lb/hr
To secondary combustion chamber = 16 1b/hr
Higher heating value = 19,700 Btu/lb

Y

Ultimate analysis (percent of dry weight)

Carbon ...... 86.00
Hydrogen .... 12.00
Oxygen ...... 0.50
Nitrogen .... 0.00
Other ....... 1.50

Combustion Air

Total output of blowers = 460 1lb/min
With primary oil burner = 0
With secondary oil burners = 12 1b/min

.“‘—»q.A;dujﬁﬂldhﬂﬂihki‘u‘hl‘ﬁnﬁuLA
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Leakage Air

To primary combustion chamber = 10 1b/min
To secondary combustion chamber = 0

Down the dump stack = 10 1b/min

Heat Transfer Parameters

Ambient air temperature = 70°F
Surface area of flame front = 112 ft?
Surface area of PCC = LB8 ft?
Surface area of SCC = 360 fr2

Emissivity of outer skin of incinerator = 0.75
Convection film coefficients

Inner surface of PCC = 50 Btu/hr-ft2-°F

Inner surface of SCC = 50 Btu/hr-ft2-°F

Outer surface of incinerator = 5 Btufhr-ft2-°F

Thermal conductance through walls

Of primary combustion chamber = 0.75 Btu/hr-ft2-°F
0f secondary combustion chamber = 0.75 Btu/hr-ft2-°F

Mean beam length

Of primary combustion chamber
Of secondary combustion chamber

Hon
W
;D.
-
ad

Boiler Characteristics

Surface area of tubes = 968 ft?

Feed water properties

Temperature = 227°F

Enthalpy = 195 Btu/lb
Steam properties

Temperature = 353°F

Pressure = 140 psia

Enthalpy = 1,193 Btu/1b

Boiler blowdown = 2.0% of steam generated

Overall heat transfer coefficient = 12.94 Btu/hr~-ftZ-°F

Power Requirements

Blowers, pumps, waste processing equipment, etc. = 100 kW




Appendix B

COMPOSITION OF WASTE UTILIZED FOR PARAMETRIC EXAMINATION
OF NAS JAX HEAT RECOVERY INCINERATORS (HR1)

Table B-1 summarizes the compositions of the differ=nt types of
waste considered in these HR] studies. The samples analyzed were acquired
at the Naval Air Station during September 1980. Except for a low moisture
content, indigenous to the Jacksonville area, the sample components
compare closely with other data of this type (Ref 6).
For purposes of establishing a baseline, a '"composite" sample was
formed. The composition of this sample is as follows (percent by weight):
Paper . . . . . . . . . . . . . ... ... 347
Corrugated Boxes . . . . . . . . . . . . . . 21.9
Plastics . . . . . . . . . . . . . . ... . 14.8
Food waste . . . . . . . . . . . . . . ... 17.1
Textiles . . . . . . . ... o . 000 ... 1.2
Grass |
Wood . . . . . . . . . o .00 2.2
B-1
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4 ' Appendix C

PROCEDURE FOR MODELING THE OPERATION OF NAS JACKSONVILLE
HEAT RECOVERY INCINERATORS (HR1)

The mathematical simulation of the NAS JAX heat recovery incinera-

-—

tors is based on the hypothesized combustion reaction

cann20n3Nn4 + n5H20 + n602 + 3.76 n6N2 >

n7C02 + (n5 + n8) H20 + n9CO + "]002 (C-1)

N, +n H, +n,.C

+ (0.5 n, * 3.76 n6) 2 1112 12

In addition, it is assumed that

1. Steady state exists.

o

-

2. Kinetic and potential energy changes are negligible.

3. The reaction goes to completion regardless of the temperature.

4. Combustion is diffusion controlled, limited only by the mass

flow rates of fuel and oxygen.

5. The products of combustion are perfectly mixed.

6. Therefore, all temperature gradients are normal to tne incin-

erator walls; the individual components of the incinerator may be repre-

sented one dimensionally.
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The molar coefficients n, through ng are obtained from ultimate and
- proximate analysis of the waste (fuel); ne is from the air supplied for
combustion. Equation C-1 is balanced by applying conservation of species
and allocating available oxygen in order of increasing activation energy
for combustion in air: first to hydrogen to form water vapor, then to
carbon to form carbon monoxide (Ref 2). Any oxygen remaining is assumed

to oxidize the carbon monoxide to form carbon dioxide.

Stoichiometric Air

Stoichiometric air is the air required to oxidize the fuel to water

vapor and carbon dioxide,

_ '

, "7,stolck - ™ - "8,sTOICH ~ 2
|
]

. _ 2 ",stoicn * "s,st01CH "3

- 6,STOICH 2

Malr,storch - 32 " storcH MFUEL,DRY
. where
1 . H
i MFUEL,DRY = feed rate of waste (dry)

Heat of Pyrolysis

The heat absorbed in breaking down the fuel is primarily a heat of
pyrolysis since most types of waste (e.g., paper and wood) are pyrolyz-
ing solids. Regardless of the mode, the energy required to break down
the fuel is easily calculated once the stoichiometric products of com-

bustion have been determined,

- HHV - ng storch W0

FUEL,DRY ~ "7,storch Qco )

= Qpyer”

2
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where
HHV = higher heating value of fuel (dry)
QCO = heat of formation of carbon dioxide
QH o ° heat of formation of water (liquid)

Adiabatic Flame Temperature

If all the energy released during the combustion reactions is
assumed available to heat the products, an upper limit to the flame
temperature can be determined. This temperature is usually referred to
as the adiabatic flame temperature.

First, subtract the ash to derive the composition of the fuel

actually burned,

M
n = n, - —ASH x (moles of carbon in ash)

1 1 ﬁ
FUEL,DRY

etc.

Air supplied to the flame is one of the independent variables
affecting HRI performance. The coefficient ne of Equation C-1 is deter-
mined directly from the underfire airflow to the flame. Once the fuel
composition and the air (oxygen) have been established, Equation C-1 is
balanced using the method described above.

Subtracting the energy lost vaporizing the moisture in the fuel,

(Mass fraction of moisture in fuel) x (heat of
vaporization of water at a pressure of 1 atmosphere)

QLOST
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the net heat released to the flame can be calculated,

Game - " (M7 Qo ;0" W0 ' %o

; " Qruel™ * Quost)  MrueL,pRry

f and, since the mass flow through the flame is known,
Merame = Mruer,werT * Mair * Mas

the adiabatic flame temperature can be determined by application of

conservation of energy,**

yiotois

1, Teeae = Toatun * [9piame * Mrues,ory APrueL(Te)
i . .
* Marr Cp a1r(Te) AT«»]/[“FLAME Co,mixTrLamg
* Cp s Mash | (€-2)
where
1 TDATUH = reference temperature of defined properties
' CP(T) = specific heat at temperature T
AT, = T, - TDATUM
Ah(T) = enthalpy at temperature T relative to TDATUH
C = 2 (mole fraction x C )
P,MIX MIXTURE P,MEAN
TZ
1
c (T,) = —a— / C,(T) dT
P,MEAN" "2 T2 TDATUM : P
DATUM

*For most fuels, QFUEL < 0.

**Where applicable, a perfect gas is being assumed.
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Note that the temperature dependency of specific heat* makes Equation C-2
nonlinear. The relationships of Sweigert and Beardsley (Ref 7) were
used to calculate specific heats as a function of temperature. These
relationships and Equation C-2 were solved simultaneously using a Newton-

Raphson iteration.

Primary Combustion Chamber Temperatures

Temperatures in the primary combustion chamber are calculated by
solving the energy equations governing the flame front, the combustion
chamber interior, and the walls of the PCC. Combustion products in both
the flame and the PCC interior are assumed to be perfectly mixed. The
homogeneous flame temperature derived in this manner can be considered a
lower limit to the actual flame temperature.

The flame composition is already known from the adiabatic calcula-
tions. Composition of the combustion products in the primary combustion

chamber is determined in an analogous manner, taking into account both

oil injected into the chamber and possible air leakage.
If underfire air is insufficient for the complete combustion of the
fuel (waste) and the oil, PCC air leakage will induce further chemical

reaction and, thus, energy release in the primary combustion chamber,

9pcc - (ng Qco2 t ng Quzo * 09 Qo = QpyeL
" Qo * Uost) MrUEL,DRY T 9IFLAME

Fnergy terms included in the PCC analyses are illustrated schemati-

cally on Figure C-1. Applying conservation of energy to the flame,

*The specific heat of ash is assumed to be a constant.

C-5




Merame Cp,mix(Trrane’ 2Trrame * Masn Cp,asn ATFLaME * 9RAD,Fow

* 9pap,Fs6 - 9FLamME - MFuer,pry A'FueL(Te)
- Maig Cpoalr(Ta) 8T = O (c-3)
where
éRAD FoW radiation from flame to walls of PCC
b4
= A 0111~ 6y (Tp )] T
FLAME MIX " FLAME FLAME
A
(- eyrx (Tyarrs?! Twares!?
é = radiation from flame to products of combustion inside
RAD,F>6 the PcC.
= A 0 leyry (To o) T = g (Too ) T )
FLAME MIX " FLAME® "FLAME MIX “"PCC” "PCC
TFLAHE = homogeneous flame temperature
TPCC = homogeneous temperature of products of combustion
in PCC
TWALLS = PCC inside wall temperature
AFLAME = surface area of flame front
o = Stefan-Boltzmann constant

Both the flame and inside of the PCC walls are assumed to act as
black bodies. The products of combustion are assumed gray; the emissi-
vities of these gases, CMIX(T), are derived by curve fitting the data of
Hottel et al. (Ref 8). Gas emissivities are thus a function of both
composition and temperature.

Applying conservation of energy to the interior of the primary

combustion chamber,




Mocc €, mix{Tecc? 8Tpcc * 9RaD,Gow ¥ 9cONV,GoW
" 9pcc ~ Rap,Fo¢ - MFrame Cpmix(Triame) ATFrame
. . _ (C-4)
Mo1L AhorL(Te) = Marg,eak Cp,a1r(Te) 2T = O
where
éRAD oW - radiation from combustion gases to PCC walls
’
_ 4 4
= Apce O 1oyxTpee? Tree = emixTwars’ Twarss!
ACONV oW convection heat transfer to PCC wall interior
= beonv,pcc Apcc (Teec ™ TwarLs’
APCC = surface area of PCC walls
hCONV,PCC convection film coefficient
Finally, applying conservation of energy to the walls,
9conD ~ IRAD,F-W ~ 9RAD,GoW - dconv,cow - O (C-5)
9RAD, W * IcoNV,wee ~ 9conp - ° (c-6)
where
aCOND = conduction heat transfer through the walls
= KApee (Tyarrs ~ Tsuerd)
6C0NV Woo convection heat transfer off outer surface of PCC walls
’
= heonv,» Apcc TsueLL = To)
ARAD Wom radiation off outer surface of PCC walls
1]
_ 4 4
= Apcc 9 SsherL (Tsuerr = 7o)




TSHELL = temperature of outer skin of PCC
CSHELL = emissivity of outer skin of PCC
K = conductance of PCC walls

Equations C-3 through C-6, along with the relationships derived for
temperature variations of specific heat and emissivity, are solved

simultaneously for the temperatures T T

FLAME® Tpcc Twants® 279 Tsypry-

Again, a Newton-Raphson iteration is employed.

Secondary Combustion Chamber

Temperatures of the combustion products and walls in the secondary
combustion chamber are calculated in a manner analogous to the PCC
problem. The energy equations governing the interior of the SCC, the
inner walls, and outer skin are solved simultaneously while allowing
both specific heat and emissivity to vary with temperature. I[f combus-~
tion has not been completed in the PCC, secondary air will induce further
chemical reactions and require an additional heat source term in the

energy equation governing the SCC interior.

Heat Recovery Boiler

The boiler unknowns are the steam generated, the total heat trans-

ferred between the combustion products and the feed water/steam, and the

temperature of the combustion gases as they enter the stack. Temperature

and pressure of the feed water and steam are assumed to be known.
Applying conservation of energy to the combustion gases, the feed

water/steam, and to the overall heat recovery boiler (the individual

terms are illustrated on Figure C2),

Mgee * Marr, Leak’ © (T ) ot

P,MIX * STACK STACK

* ag1eam ~ Msce Cp,mix(T

) AT

sccC scC

(T,) 8T, = 0 (c-7)

o

- Matr,LEak Cp,alR




: Msream AnsteamTsteam? * B Msream APsteanTstean’
{ . .
: " Agrean T (1t BD) Moppay Ahpppp(Tpggp) = 0 (c-8)
! Ssteam - Umgan(™T) Aggypgg LMTD = 0O (C-9)
; where
‘SCC = mass flow out of the secondary combustion
chamber
‘ -
MAIR LEAK = air leakage down the dump stack
§ f ESTEAM = steam generated in the boiler
2 ! 8D = boiler blowdown as a fraction of steam
' generated
c =
AhFEED(TFEED) i:;:i:gi ?f ;eed water at temperature TFEED
° "paTumM
AhSTEAH(TSTEAM) = enthalpy of steam at TSTEAM relative to TDATUM
' éSTEAM = heat transferred between combustion products and
! feed water/steam
i
‘ TSCC = homogeneous temperature of products of combustion
\ in SCC
TSTACK = stack gas temperature (i.e., temperature of
combustion gases as they exit the boiler)
ABOILER = total surface area of boiler tubes
LMTD = logarithmic mean overall temperature difference,
Figure C3
_ Tsce Tsteaw’ - Tstack ~ Treep’
1 2scc ~ TsTean
T - T

STACK FEED
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The boiler overall heat transfer coefficient, UMEAN (ﬁ,T), varies
with both temperature and flow rate. The magnitude of this coefficient
is determined by noting that the resistance to heat transfer from the
combustion gases is the dominant resistance and, thus, only gas properties
have an appreciable effect on UMEAN' For example, with a staggered tube

configuration (Ref 8),

Nusselt No. « (Reynolds No.)0‘6 (Prandtl No.)o'33

Observing that the variation in the one-third power of the Prandtl
number is negligible, and lumping the geometry into the constant of

proportionality, 0,*

0.6

Mo + M
- SCC AIR, LEAK
u = Uk (T ) 2 (C-10)
MEAN AVG' "AVG HaveTave)
where

Tave = 078 (Tgee * Tgrack * Treep * Tstean’
k (T,,,~) = thermal conductivity of combustion products at the
AVG™ AVG average temperature T

erag pe AVG
“AVG(TAVG) = viscosity of combustion products at temperature TAVG

1.5
T
__.A_VG_._._ (C']l)

Kave oM x
AVG' AVG 225 + TAVG

Equations C-11 are usually referred to as the Eucken equations and
were derived using the methods of the kinetic theory (Ref 9). For this
simulation, the constants of proportionality were determined by assuming

that the products of combustion behave in the same manner as air.

*U was back calculated from boiler performance data summarized on the
nameplate.
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Equations C-7 through C-11 are solved simultaneously, using the

techniques described previously.

Accuracy of the Simulation

There is no way of conclusively evaluating the HRI simulation until
(and unless) airflows are measured.

The model should be good at simulating HRI operation in an excess
air mode. Problems faced in representing incinerator operation with
excess combustion air are problems in heat transfer and thermodynamics;
the simulation is straightforward, albeit complicated.

Combustion chamber temperatures have been measured. An indication
of model accuracy in predicting excess air operation may be acquired by
back-calculating from applicable measured SCC temperatures to get the
total energy input to the combustion products and then subtracting the
enthalpy of the total 460 lb/min of combustion air to get the average
Btu content of the waste feed. Using this feed rate, primary combustion
chamber temperatures can be predicted and compared with measured values.
Figure C4 was developed in this manner. The measured temperatures were
recorded during the acceptance tests of the NAS JAX heat recovery incin-
erators (Ref 10).

lleat transfer and ash losses have not been considered, and thus
there is some error associated with this approach. Regardless, Figure C4
shows predicted and measured PCC temperatures to coincide if nearly the
entire capacity of the forced draft blower was being used for underfire
air when the temperatures were recorded, a condition that is possible,
even probable.

With only carbon monoxide introduced, the model is very suspect in
its ability to simulate incomplete combustion. Other products of pyrol-
ysis of waste, such as hydrogen, methane, and perhaps some higher hydro-
carbons (Ref 1), will certainly have to be included in any sophisticated
simulation. Carbon monoxide was selected for this preliminary analysis
because it has the highest activation energy for combustion of the more
common products of pyrolysis and would tend to be the last product
consumed. The simulation of HRI operation with airflows only slightly

less than stoichiometric should, therefore, be adequate.

C-11
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Notes:

(1) Feed rate = 0.152000)® B/he

(2) Temps measured while operating
with excess air dunng acceptance
tests (Ref 1ty
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Figure C-4. Evaluation of mathematical simulation of NAS Jacksonville HRI
operating with excess combustion air.
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Appendix D

EFFI1CIENCY CRITERIA USED TO DEFINE PERFORMANCE
OF HEAT RECOVERY INCINERATORS

The performance of the heat recovery incinerator was evaluated by
applying the heat loss method suggested for steam generating units by
the American Society of Mechanical Engineers (Ref 5). "The efficiency
is equal to 100% minus a quotient expressed in percent. The quotient is
made up of the sum of all accountable losses as the numerator, and heat
in the fuel plus heat credits as the denominator." Or, in mathematical

form, Equation 2,

. . 2 LOSSES
n = 3 INPUT

Not all losses are included in the summations, and some are slightly
different from those suggested by Reference 5 in order to be compatible
with the mathematical simulation.

Losses

Heat lost vaporizing moisture with waste = HHO]ST Ahfg

Vaporization of water generated by burning hydrogen in waste

= 180, &b MeuEL
Carbon carried out with ash = - MASH CASH QC02
Sensible heat in ash = CP,ASH HASH ATFLAHE
Heat transfer through walls of PCC = KAPCC(TPCC,WALLS - TPCC,SHELL)

T

Heat transfer through walls of SCC = KASCC(TSCC,WALLS - SCC,SHELL)

Carbon monoxide in stack gases = - ny "FUEL (Qco2 - QCO)

s S ¢ i il PERRPY TRRC R P




Sensible heat in stack gases

i 1 = Mgee * Matr,Leak’ Cp omix

(T ) AT

STACK STACK

. 9%

Loss of steam due to blowdown = MSTEAM {BD/(1 - BD)] AhSTEAM(TSTEAM)

B

Inputs

Chemical plus sensible energy in waste
= Megey "™Veuer pry < Matr Cpoarr(Te) 0T o

* Msce * Mair eak) Cp,air(Te) 8T

Enthalpy of combustion air AIR P AIR

(T,) AT,

; ! Chemical plus sensible energy in oil = MOIL HHVOIL

Enthalpy of boiler feed water (1t + BD) Ah

MsTEAn reep TreED’

Sensible heat of products of combustion entering boiler

= (f ) Cp g (Tepe) AT

scc * Mair Leak? Cp omix{Tsce’ ATscc

The power required to run accessories is input directly.
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Code 101 6 San Bruno. CA: Code 114C. San Dicgo CA: Library. San Bruno. CA: O9P20 San Bruno. CA.
RDT&ELO Code 21 San Bruno. CA

NAVFACENGCOM CONTRACTS AROICC. NAVSTA Brookivn, NY: AROICC. Quantico. VA: Contracts.
AROICC. Lemoore CAL Dir, Eng. Div.. Exmouth, Australia: Eng Div dir, Southwest Pac. Manila. PL;
OICC, Southwest Pac. Manila. PL: OICC-ROICC, NAS Occana. Virginia Beach. VA OICC/ROICC,
Batboa Panama Canal: OICC ROICC, Norfolk. VA; ROICC AF Guam: ROICC Code 495 Portsmouth VA:
ROICC Key West FL: ROICC, Keflavik. leeland: ROICC, NAS, Corpus Christi. TX: ROICC, Pacific. San
Bruno CA. ROICC. Point Mugu, CA: ROICC. Yap: ROICC-OICC-SPA. Norfolk. VA

NAVFORCARIB Commander (N42). Puerto Rico

NAVMAG SCE. Subic Bay, R.P.

NAVOCEANOQO Library Bay St. Louis. MS

NAVOCEANSYSCEN Code #473B (Tech Lib) San Diego. CA: Code 523 (Hurley). San Dicgo. CA: Code 6700,
San Dicgo. CA: Code 811 San Dicgo. CA

NAVORDSTA PWO. Louisville KY

NAVPETOFF Code M, Alexandria VA

NAVPETRES Director, Washington DC




e

NAYPGSCOL E. Thornton, Monterey CA

NAVPHIBASE CO. ACB 2 Norfolk. VA: Code S3T. Norfolk VA; SCE Coronado. SD.CA

NAVRADRECFAC PWO, Kami Seya Japan

NAVREGMEDCEN Code 29, Eav. Health Serv. (Al Bryson) San Diego. CA: Code 3041, Memphis. Millington
TN: PWD - Engr Div. Camp Lejeune. NC; PWQ, Camp Lejeune, NC

NAVREGMEDCEN PWO, Okinawa. Japan

NAVREGMEDCEN SCE: SCE San Diego. CA: SCE. Camp Pendleton CA: SCE. Guam: SCE, Newport. RI:
SCE. Oakland CA

NAVREGMEDCEN SCE. Yokosuka. Japan

NAVSCOLCECOFF (35 Port Hueneme. CA: CO. Code CHA Port Hueneme, CA

NAVSCSOL PWO  Athens GA

NAVSEASYSCOM Code 0325, Program Mgr. Washington. DC: SEA (ME (L. Kess) Washington. DC

NAVSECGRUACT PWO., Adak AK: PWO. Edzell Scotland: PWO., Puerto Rico: PWO, Torri Sta. Qkinawa

NAVSECSTA PWD - Engr Div, Wash.. DC

NAVSHIPYD Bremerton. WA (Carr Inlet Acoustic Range): Code 2024, Long Beach CA: Code 202.5
(Library) Puget Sound. Bremerton WA Code 380. Portsmouth. VA: Code 382.3, Pearl Harbor., HI; Code
400, Puget Sound: Code 410, Mare Is.. Vallejo CA: Code 440 Portsmouth NH: Code 440, Norfolk: Code
Ho. Puget Sound, Bremerton WA: Code 453 (Util. Supr). Vallejo CA: L.D. Vivian: Library, Portsmouth
NH: PW Dept. Long Beach, CA: PWD (Code 420) Dir Portsmouth, VA: PWD (Code 450-HD) Portsmouth.,
VA: PWD (Code 453-HD) SHPO 03. Portsmouth. VA: PWQO. Bremerton. WA PWO., Mare Is.; PWO.
Puget Sound: SCE. Pearl Harbor HL: Tech Library. Vallejo. CA

NAVSTA Adak. AK: CO Roosevelt Roads P.R. Puerto Rico: CO. Brooklyn NY: Code 4, 12 Marine Corps
Dist. Treasure Is.. San Franosco CA: Dir Engr Div. PWD. Mavport FL: Dir Mcch Engr 37WC93 Norfolk.
VAL Engr. Dir.. Rota Spain: Long Beach, CA: Maint. Div. Dir Code 531, Rodman Panama Canal: PWD
(LTIG.P.M. Motolenich), Puerto Rico: PWD - Engr Dept. Adak. AK: PWD - Engr Div. Midway Is.: PWO.
Keflavik Ieeland: PWO, Mavport FL. SCE. Guam: SCE. Pearl Harbor HI: SCE. San Diego CA

NAVSUPPFAC PWD - Maint. Control Div, Thurmont, MD

NAVSURFWPNCEN PWO. White Ouk. Silver Spring. MD

NAVTECHTRACEN SCE. Pensacola FL

NAVTELCOMMCOM Code 33, Washington, DC

NAVWPNCEN Code 24 (Dir Safe & Sec) China Lake, CA: Code 2636 China Lake: Code 3803 China Lake. CA:
PWO (Code 260) China Lake. CAD ROICC (Cade 702). China Lake CA

NAVWPNSTA (Clebak) Colts Neck. NJ: Code (192, Colts Neck NJ: Code 92, Concord CA; Code (W2A. Seal
Beach. CA; Maint. Control Dir.. Yorktown VA

NAVWPNSTA PW Oftice Yorktown, VA

NAVWPNSTA PWD - Maint Control Div. Charleston, SC: PWD - Maint. Control Div.. Concord. CA; PWD -
Supr Gen Engr. Scal Beach., CA: PWO. Charleston. SC: PWQ, Seal Beach CA

NAVWPNSUPPCEN Code t9 Crane IN

NCTC Const. Elec. School, Port Hueneme., CA

NCBC Code 10 Davisville, RI: Code 15, Port Hueneme CA: Code 155, Port Hueneme CA: Code 156, Port
Hueneme. CA: Code 25111 Port Hueneme. CA: Code 430 (PW Engrng) Gulfport. MS: Code 470.2,
Gulfport. MS: NEESA Code 252 (P Winters) Port Hueneme. CA: PWO (Code 80) Port Hueneme. CA:
PWO. Davisville RI: PWO. Gulfport. MS

NCR 20, Commander

NMCB FIVE. Operatons Dept: THREE. Operations Off

NOAA Library Rockville, MD

NORDA Code 410 Bay St. Louis. MS

NRL Code 5800 Washington. DC

NSC CO. Biomedical Rsch Lab., Oakland CA; Code 54.1 Norfolk, VA

NSD SCE. Subic Bay. R.P.

NSWSES Code 0150 Port Hueneme. CA

NTC OICC. CBU-401, Great Lakes 1L

NUCLEAR REGULATORY COMMISSION T.C. Johnson. Washington, DC

NUSC Code 131 New London, CT: Code 5202 (S. Schady) New London. CT: Code EA123 (R.S. Munn). New
London CT: Code SB 331 (Brown). Newport Rl

OFFICE SECRETARY OF DEFENSE OASD (MRA&L) Dir. of Energy. Pentagon, Washington, DC

ONR Code 221, Arlington VA: Code 700F Arlington VA

PACMISRANFAC HI Arca Bkg Sands. PWO Kekaha, Kauai, HI

PHIBCB | P&E. San Diego, CA

PMTC Pat. Counsel. Point Mugu CA

PWC ACE Office Norfolk. VA, CO Norfolk. VA CO. (Code 10), Oakland, CA; CO. Great Lakes IL: CO,
Pcarl Harbor HI. Code 1. Great Lakes, 1L: Code 105 Qakland. CA: Code 110. Great Lakes. IL; Code 110,
Oaktand. CA: Code 120, Oakland CA; Code 128, Guam: Code 200, Great Lakes IL: Code 30V, Norfolk.
VA: Code ). Grear Lakes, IL: Commanding Officer. Subic Bay: Code 400, Pearl Harbor, Hl; Code 400,
San Diego. CA: Code 420. Great Lakes. IL: Code 420. Oakland. CA: Code 424. Norfolk. VA: Code 500
Norfolk. VA: Code S0SA Oakland. CA: Code 600, Great Lakes. IL: Code 610, San Diego Ca: Code 700,
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Great Lakes, 1L Code 700, San Diego. CA: Library. Code 120C, San Dicgo. CA: Code 154 (Library).
Great Lakes. IL: Library. Guam: Library. Norfolk. VA: Library. Qakland. CA; Library. Pearl Harbor, HI;
Library. Pensacola. FL.: Library. Subic Bay. R.P.. Library. Yokosuka JA: Library. Yokosuka, JA: Utl Dept
(R Pascua) Pearl Harbor, HI: Utilities Officer, Guam ; Library, Pensacola, FL

SPCC PWO (Code 120) Mechanicsburg PA

SUPANX PWO. Williamsburg VA

TVA Smelser. Knoxville, Tenn.: Solar Group, Arneld. Knoxville. TN

LS. MERCHANT MARINE ACADEMY Kings Point, NY (Reprint Custodian)

US DEPT OF COMMERCE NOAA. Pacitic Marine Center, Scattle WA

US GEOLOGICAL SURVEY Oft. Marine Geology. Piteleki. Reston VA

US NATIONAL MARINE FISHERIES SERVICE Highlands NY (Sandy Hook Lab-Library)

USAF REGIONAL HOSPITAL Fairchild AFB. WA

USCG (Smith). Washington, DC: G-MMT-4:82 () Spere-t)

USDA Forest Products Lab. Madison WI: Forest Service Reg 3 (R. Brown) Albuquerque. NM: Forest Service,
Bowers, Atlanta. GA: Forest Service. San Dimas. CA

USNA Ch. Mech. Engr. Dept Annapolis MD: ENGRNG Div. PWD. Annapolis MD: Energy-Environ Study
Grp. Annapolis. MD: Environ. Prot. R&D Prog. (J. Williams). Annapolis MD: Mech. Engr. Dept. (C.
Wu). Annapolis MD: PWO Annapolis MD: USNA Sys En_ Dept. Annapolis. MD

USS FUL'TON WPNS Rep. Offr (W-3) New York., NY

USS HOLLAND Repair Officer. New York, NY

LSS JASON Repair Officer. San Francnco, CA

ARIZONA State Energy Programs Off.. Phoenix AZ

AUBURN UNIV. Bidg Sci Dept. Lechner. Auburn. Al

BERKELEY PW Engr Div. Harrison. Berkeley, CA

BONNEVILLE POWER ADMIN Portland OR (Encrgy Consry, Off.. D Davey)

BROOKHAVEN NATL LAB M. Steinberg, Upton NY

CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento. CA (G. Armstrong)

CALIFORNIA STATE UNIVERSITY LONG BEACH. CA (CHELAPATIL

COLORADO STATE UNIV.. FOOTHILL CAMPUS Fort Colins (Nelson)

CONNECTICUT Office of Policy & Mgt. Encrgy. D, Hartford., €T

CORNELL UNIVERSITY Ithaca NY (Serials Dept. Engr Lib))

DAMES & MOORE LIBRARY LOS ANGELES. CA

DRURY COLLEGE Physics Dept. Springfield. MO

FLORIDA ATLANTIC UNIVERSITY Boca Raton, F1. (McAllister)

FOREST INST. FOR OCEAN & MOUNTAIN Carson City NV (Studies - Library)

GEORGIA INSTITUTE OF TECHNOLOGY (LT R. Johnson) Atlanta. GA: Col. Arch. Benton. Atlanta. GA

HARVARD UNIV. Dept. of Architecture, Dr. Kim, Cambridge. MA

HAWAII STATE DEPT OF PLAN. & ECON DEV. Honolulu HI (Tech Info Ctr)

ILLINOIS STATE GEO. SURVEY Urbana 1L

WOODS HOLE OCEANOGRAPHIC INST. Woods Hole MA (Winget)

KEENE STATE COLLEGE Keene NH (Cunningham)

LEHIGH UNIVERSITY Bethlechem PA (Fritz Engr. Lab No. 13, Beedle): Bethichem PA (Linderman Lib.
No.30, Flecksteiner)

LOUISIANA DIV NATURAL RESOURCES & ENERGY Div Of R&D. Baton Rouge. LA

MAINE OFFICE OF ENERGY RESOURCES Augusta, ME

MISSOURI ENERGY AGENCY Jefferson City MO

MIT Cambridge MA: Cambridge MA (Rm 10-500. Tech. Reports. Engr. Lib.): Cambridge. MA (Harleman)

MONTANA ENERGY OFFICE Anderson. Helena. MT

NATURAL ENERGY LAB Library. Honolulu, HI

NEW HAMPSHIRE Concord NH (Governor's Council on Energy)

NEW MEXICO SOLAR ENERGY INST. Dr. Zwibel Las Cruces NM

NY CITY COMMUNITY COLLEGE BROOKLYN. NY (LIBRARY)

NYS ENERGY OFFICE Library. Albany NY

PURDUE UNIVERSITY Lafayette. IN (CE Engr. Lih)

SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA. CA (ADAMS)

SEATTLE U Prof Schwaegler Seattle WA

SRI INTL Phillips. Chem Engr Lab. Menlo Park. CA

STATE UNIV. OF NEW YORK Buffalo. NY. Fort Schuyler. NY (Longobardi)

TEXAS A&M UNIVERSITY W.B. Ledbetter College Station. TX

UNIVERSITY OF CALIFORNIA BERKELEY. CA (CE DEPT. MITCHELL): Berkeley CA (E. Pearson):
Encrgy Engineer. Davis CA: LIVERMORE. CA (LAWRENCE LIVERMORE LAB. TOKARZ): La Jolla
CA (Acq. Dept. Lib. C-075A). UCSF. Physical Plant. San Francisco, CA

UNIVERSITY OF DELAWARE Newark. DE (Dept of Civil Engincering. Chesson)

UNIVERSITY OF HAWAII HONOLULU. HI (SCIENCE AND TECH. DIV.)

UNIVERSITY OF ILLINOIS (Hall) Urbana. 1. Metz Ref Rm. Urbana IL: URBANA. IL (LIBRARY)

UNIVERSITY OF MASSACHUSETTS (Heronemus), ME Dept. Amherst. MA
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UNIVERSITY OF NEBRASKA-LINCOLN Lincoln, NE (Ross Ice Shelf Proj.)

UNIVERSITY OF TEXAS Inst. Marine Sci (Library). Port Arkansas TX

UNIVERSITY OF TEXAS AT AUSTIN AUSTIN, TX (THOMPSON)

UNIVERSITY OF WASHINGTON (FH-10. D. Carlson) Seattle. WA: Seattle WA (E. Linger)

UNIVERSITY OF WISCONSIN Milwaukee WI (Ctr of Great Lakes Studies)

VENTURA COUNTY PWA (Brownic) Ventura, CA

VIRGINIA INST. OF MARINE SCI. Gloucester Point VA (Library)

ANALYTICAL TECH Lawrence. Port Hueneme, CA

ARVID GRANT OLYMPIA. WA

ATLANTIC RICHFIELD CO. DALLAS. TX (SMITH)

BECHTEL CORP. SAN FRANCISCO. CA (PHELPS)

BRITISH EMBASSY M A Wilkiny (Sci & Tech Dept) Washington, DC

BROWN & ROOT Houston TX (D. Ward)

CHEMED CORP Lake Zurich 11, (Dearborn Chem. Div Lib.)

COLUMBIA GULF 'RANSMISSION CO. HOUSTON, TX (ENG. LIB.)

DESIGN SERVICES Beck. Ventura. CA

DIXIE DIVING CENTER Decatur. GA

DURLACH. O'NEAL. JENKINS & ASSOC. Columbia SC

FURGO INC. Library, Houston, TX

GEOTECHNICAL ENGINEERS INC. Winchester. MA (Paulding)

GRUMMAN AEROSPACE CORP Bethpage NY (Tech. Info. Cir)

HALEY & ALDRICH, INC. Cambridge MA (Aldrich, Jr.)

LITHONIA LIGHTING Application cng. Dept. (B. Helton). Convers. GA 30207

MATRECON QOuakland. CA (Haxo)

MCDONNEL AIRCRAFT CO. (Fayman) Engrag Dept | St. Louis, MO

MEDERMOTT & CO. Diving Division. Harvey. LA

MIDLAND-ROSS CORP. TOLEDQO. OH (RINKER)

MOFFATT & NICHOL ENGINEERS (R. Palmer) Long Beach., CA

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall, WA

PG&E Library. San Francisco, CA

PORTLAND CEMENT ASSOC. SKOKIE. 1L (CORLEY: SKOKIE. If. (KLIEGER): Skokic Il. (Rsch & Dev
Lab. Lab.)

RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept. Pennsauken, NJ: J. Welsh Soiltech Dept.
Pennsauken, NJ

SANDIA LABORATORIES Albuguerque. NM (Vortman): Library Div.. Livermore CA

SCHUPACK ASSOC SO. NORWALK. CT (SCHUPACK)

SEAFOOD LABORATORY MOREHEAD CITY. NC (LIBRARY)

SHANNON & WILLSON INC. Librarian Seattle. WA

SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.)

TEXTRON INC BUFFALO. NY (RESEARCH CENTER LIB.)

THE AM. WATERWAYS OPERATIONS. INC. Arlington. VA (Schuster)

TRW SYSTEMS REDONDQO BEACH. CA (DAD

UNITED TECHNOLOGIES Windsor Locks CT (Hamilton Std Div.. Library)

WARD. WOLSTENHOLD ARCHITECTS Sacramento, CA

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Occanic Div Lib, Bryan); Library. Pittsburgh PA

WM CLAPP LABS - BATTELLE DUXBURY. MA (LIBRARY)

WOODWARD-CLYDE CONSULTANTS PLYMOUTH MEETING PA (CROSS. 1II)

BRAHTZ L.a Jolla. CA

BULLOCK La Canada

ERVIN. DOUG Belmont, CA

KETRON. BOB Ft Worth, TX

KRUZIC. T.P. Silver Spring. MD

CAPT MURPHY Sunnyvale. CA

BROWN & CALDWELL Saunders. E.M./Oakland. CA

T.W. MERMEL Washington DC

WALTZ Livermore, CA




